Abstract. The large decrease in the horizontal component of the earth's field during the main phase of magnetic storms has been ascribed to the formation or enhancement of a geomagnetic ring current. In this paper we discuss the motions of particles trapped in the earth's dipole field and the resulting ring current. These calculations deal only with a steady state, though during storms the state is changing. The general equations for the current intensity, to obtain the total current and the magnetic field at the earth's center, are applied to the outer radiation belt (V•.) and to a special 'model' belt Va. This Va belt has a particular type of pitch-angle distribution and a number-intensity distribution of Gaussian type along an equatorial radius. The results are considered in connection with magnetic records for several storms and with satellite data. We infer that, during magnetic disturbance, protons of energy of the order of a few hundred kev are intermittently captured between 5 and 8 earth radii and that they produce a transient belt Va. The variety of development of the ring current from one storm to another may be connected with irregularities in the distribution of particles in the solar stream, which may contain tangled mag- Like most students of geomagnetic disturbance, Schmidt attributed magnetic storms to the influence of corpuscular streams or clouds from the sun. The clear implication of his conclusions was that some of the solar matter remains near the earth for a considerable period. In the phraseology now common, the solar material is partly trapped by the earth's magnetic field, and one consequence is the enhancement of the ring current and its geomagnetic effects. Schmidt did not consider the scale or the location of the current. Chapman and Ferraro [1931a , 1931b , 1933 and Ferraro [1952] attempted to infer by mathematical deduction the consequences of the 1321 1322 AKASOFU AND CHAPMAN impact of a neutral ionized solar stream upon the earth. Their theory discussed an idealized 'model,' but in more than one respect it left out significant features of the actual situation. Their inferences, though imperfect and incomplete, indicate the essential mechanism of the first phase of magnetic storms, and the scale of the penetration of the solar gas. The deflection of the gas particles by the geomagnetic field, by which much of the gas is continuously reflected or scattered away from the earth, produces the first phase of the storm. It seemed clear that some of the gas found its way into the earth's atmosphere in high latitudes (and there produced auroras), and also that some was retained in the field for a time in the form of a ring current. They were unable to explain or delineate the motions of these two subgroups of the solar particles. However, postulating (like Schmidt) the existence of the ring current, on the basis of the geomagnetic evidence, they discussed the equilibrium, stability, and decay of the current. The model current ring in their discussion was toroidal, with protons and electrons simply circulating around the geomagnetic axis, with slightly different speeds, the motion of the protons, at least, being westward. According to Alfv4n [1958] The particles oscillate rapidly to and fro between mirror points in fairly high northern and southern latitudes. At the same time they circle round the magnetic field lines, and also drift round the earth--the protons westward, the electrons eastward. Singer concluded that these motions necessarily correspond to a ring current around the earth. Later the ring current and its field were discussed by Dessler and Parker [1959] and by Akasofu [1960].
Like most students of geomagnetic disturbance, Schmidt attributed magnetic storms to the influence of corpuscular streams or clouds from the sun. The clear implication of his conclusions was that some of the solar matter remains near the earth for a considerable period. In the phraseology now common, the solar material is partly trapped by the earth's magnetic field, and one consequence is the enhancement of the ring current and its geomagnetic effects. Schmidt did not consider the scale or the location of the current. Chapman and Ferraro [1931a , 1931b , 1933 and Ferraro [1952] attempted to infer by mathematical deduction the consequences of the impact of a neutral ionized solar stream upon the earth. Their theory discussed an idealized 'model,' but in more than one respect it left out significant features of the actual situation. Their inferences, though imperfect and incomplete, indicate the essential mechanism of the first phase of magnetic storms, and the scale of the penetration of the solar gas. The deflection of the gas particles by the geomagnetic field, by which much of the gas is continuously reflected or scattered away from the earth, produces the first phase of the storm. It seemed clear that some of the gas found its way into the earth's atmosphere in high latitudes (and there produced auroras), and also that some was retained in the field for a time in the form of a ring current. They were unable to explain or delineate the motions of these two subgroups of the solar particles. However, postulating (like Schmidt) the existence of the ring current, on the basis of the geomagnetic evidence, they discussed the equilibrium, stability, and decay of the current. The model current ring in their discussion was toroidal, with protons and electrons simply circulating around the geomagnetic axis, with slightly different speeds, the motion of the protons, at least, being westward. According to Alfv4n [1958] this type of ring current has been shown by Iterlofson to be unstable.
Singer [1957] proposed a different concept of the trapped component of the solar gas, based on the work of StSrmer and Alfv•n. Instead of a toroidal form, and simple circular motion for most of the particles of the gas, he saw that the gas would have the form and motions not long afterward indicated by satellite and cosmic rocket exploration [Van Allen and Frank, 1959; Vernov, Chudakov, Vokulov, and Logachev, 1959] . The particles oscillate rapidly to and fro between mirror points in fairly high northern and southern latitudes. At the same time they circle round the magnetic field lines, and also drift round the earth--the protons westward, the electrons eastward. Singer concluded that these motions necessarily correspond to a ring current around the earth. Later the ring current and its field were discussed by Dessler and Parker [1959] and by Akasofu [1960] .
Meanwhile satellite observations bearing on these problems have been made during magnetically quiet and disturbed periods. The radiation belts have been much observed, and some magnetic measurements have been made in them, by the U.S. S. R. Mechta and the U.S. Explorer VI. The Mechta found magnetic deviations that indicated a ring current in the outer Van Allen belt (here the inner and outer belts will be denoted by V• and V•). The Explorer VI found evidence of a ring current much farther out, in a region beyond 5 earth radii, where we have inferred its presence from auroral and magnetic data. We denote it by
In sections 1 to 5 we discuss the motions of trapped particles in the region of the radiation belts, and the associated currents. In section 6 we analyze several magnetic storms that occurred during the IGY and IGC 1959, and discuss the development of the ring current during these storms.
Notation (General)
The following general notation is used' a
•-the earth's radius. r -' fa = the radial distance from the earth's center 0 to a point P. m --the mass of a trapped particle. e = its charge, in esu. w --its velocity. w -its speed. 
E •--its energy

THE MOTION OF CHARGED PARTICLES IN THE EARTH'S DIPOLE FIELD
As was shown by Alfv•n [1950] , the motion of a charged particle in a magnetic field can in certain circumstances be analyzed into (a) the motion of a 'guiding center' associated with the particle (this motion being partly along and partly across the lines of force), and (b) nearly circular motion around the lines of force, relative to the guiding center. The motion of the guiding center across the lines of force is often called a drift. The guiding-center approximation is valid (i) when the average radius R of the circular motion is much less than the scale length of the system considered, and (ii) when the period T of the circular motion is much less than the other scale times associated with the phenomenon. Chapman [1961] has defined the scale length and time. In the earth's undisturbed dipole field the scale length is of the order of 8000 km, and the scale time may be of the order of 104 seconds in the ring current problem. Table I gives values of R and T for typical particles in the radiation belts. Clearly both conditions (i) and (ii) are satisfied for such particles.
The Three Motions in a Dipole Field
(a) Oscillation between the two mirror points. In the rapid oscillations of a trapped particle between the 'mirror' points M and M' in the northern and southern hemispheres, the magnetic moment/• associated with the particle and its motion is invariant;/• is given [Alfv4n, 1950, p. 20] by • = «mw,•2/H-«mw2/H,, show for what combinations of fe and 0e the mirror points have heights of 100, 300, 500, and 1000 km above the ground; fe = re/a, and r6 is the distance at which a particle crosses the equatorial plane with pitch angle of pitch angle for which the particles can penetrate the atmosphere.
The time To required for one complete oscillation between the two mirror points (from P e to M, thence through P e to M' and back to Pc) is given by 
Consequently there will then be a fourth contribution, it, to the current. This is given by Parker [1957] where E* denotes the kinetic energy of the particle expressed in key. As was stated in section 4.12, in the present case (a (0) the first part of i* (Fig. 3a) is everywhere westward. The second part is eastward on the inner side of the belt and westward on the outer side (Fig. 3b) . The resultant current i* is more westward than eastward, but it is eastward, in the equatorial plane, within a radius slightly less than r eo. The maximum westward intensity in this plane slightly exceeds 12i +, at about 6.5a; the maximum eastward intensity is rather more than 6i +, at about 5.6a.
The Total Ring Current
The total ring current J* corresponding to i* is given by J* = ff i*dSa = ffi*re cos4e•dre• ,/ Table 4 Equation 88 As the observed disturbance in the space occupied by the belt is found to be considerable, as shown also by our calculations for the adopted value of no*E*, further work on this problem is necessary to obtain a self-consistent system of current and field.
The degree of accuracy of the numerical computation of G can be tested by comparison with (83), which gives a more exact calculation of Hz*, obtained by integration, for the earth's center. The computed value of G in this region is about 5 per cent too large. We th•nk this may be due to the n•glect of the currents on the fringes of the Vs belt within 4.8a and beyond 7.5a. The current intensity at the inner limit is rather more than at the outer limit. The smallest of these, for the model V•. belt, is about 5 per cent of the earth's dipole moment; it is less than a quarter of the moment of the Vs belt, which approximates to our suggested interpretation of the Explorer VI data. The toroidal current tentatively considered by Smith coworkers has a moment more than 3 times as large, indeed more than half the moment of the earth. This is so great as perhaps to render their interpretation the less likely of the two; even our V• ring current has a surprisingly large magnetic moment, enough to affect materially the customary calculations on cosmic-ray impact.
On August 9, 1959, the sum of the K• 3-hour magnetic indices was 28, indicating magnetic conditions only slightly disturbed. This renders it the more remarkable that the V• ring current should have added more than 20 per cent to the earth's magnetic moment on that date. During disturbed periods the additional magnetic moment can be expected to be greater than during quiet periods. This is suggested also by the sunspot cycle variation of the annual mean values of H and by the corresponding variation of cosmic-ray intensity.
THE MAIN PHASE OF MAGNETIC STORMS
In this section we discuss the main phase of several magnetic storms that occurred during the IGY and IGC 1959. We show how the development of the main phase differs from one storm to another, and we discuss the injection of Hence it is preferable to use H data for a station in a low geomagnetic latitude, where the effect of polar disturbances is less and the ring-current influence greatest. We have used the data for Koror (geomag. lat. 3.3øS; dip angle •0ø48'). We first consider the storms of September 13, 1957 (Fig. 9) , and September 29, 1957 (Fig. 10) . In both storms it happened that the ssc's occurred close to Greenwich midnight, namely 00h 47m GMT September 13 and 00h 16m September 29, 1957. There were no significant magnetic disturbances between the Greenwich midnight and the times of the ssc's. Thus we take the base value for Xm and ¾m to be the value at Greenwich midnight in each case, and storm time is The Dst (X,•) curves in Figure 9 show a notable ssc of order 100 gammas at 00h 47 m GMT on September 13, 1957. We ascribe this to the DCF field. The magnetograms from the polar region (which are not given in this paper) show that the ssc was soon followed by active DP substorms. As happens in most (if not all) great magnetic storms, the DCF field was quickly overpowered by the DR field. This occurred about 2 hours after the ssc. The Dst (X,•) curve attained its minimum at 09h 00m, about 8 hours after the ssc. We estimate that the total DR field at the earth's surface was at least of the order of 600 gammas. Thus the external part of H,c was about 400 gammas. The ring current began to decay quickly after 09h, when also the major DP disturbances ceased. Small irregularities superposed on the Dst (X,•) curve in It is interesting to compare the Dst (X=) curves with the H magnetograms (Fig. 11) from 12 stations along the auroral zone. These show mainly the DP substorm activity. A DP substorm is generally intense over only a part of the auroral zone, so that it may scarcely be indicated by the records of observatories elsewhere. But 12 observatories well di'stributed along the zone make it possible to record most large DP substorms. On September 29 the auroral zone was rather quiet until 12h except at about 05h, when a small DP disturbance was recorded. Remarkable DP disturbances began at about 13h 30m. Though very transient and intermittent, they remained active until the end of the day. Comparing Figures 10 and 11 , it seems that the DR and the DP activities were apparently closely correlated. Both the DR and DP activities were moderate until about 13h 30m, when they suddenly became active. They continued to be active until the end of the day. (X,,,) is very small for stations whose latitudes are less than 45 ¸ . We have discussed the differences between the two storms in detail in a recent paper [Akasofu and Chapman, 1960] . There was little indication of large DP substorms in the auroral zone during the remarkable initial phase (mainly DCF) of the July 11 storm; this phase lasted for at least 7 hours. Although the earth was presumably within an intense solar stream, the small DR and DP activity suggests that only a small part of the solar gas was trapped during that time. Only one appreciable DP substorm occurred (at about 23h 30m GMT on July 11). On the other hand, the initial phase of the July 15 storm was interrupted by an abnormally large DP substorm about 30 minutes after the ssc. Throughout this storm both the DP substorms and the DR field were considerable. Suppose that in the equatorial plane a cloud of particles is captured from the solar stream. The particles will encircle the earth because of the motions described in section 2, although for • time there may arise a slight electric field tending to prevent their independent motion. The electric field will soon be reduced, and the particles may be expected eventually to spread around the earth, as in the Argus experiment. Suppose also that the pitch-angle distribution is isotropic when the particles are captured. This means that the density of velocity points on the sphere of radius to is uniform. From Fig 1, however, we may infer that the particles with pitch angle 0. less than 3 ø have very little chance to go back from their mirror points to the equatorial plane, because they will be absorbed when they pass through the dense atmosphere. Table 1 shows that the time of oscillation To for 30-key electrons, which are supposed to play an important role in the excitation of auroral luminosity, is of the order of only 2 seconds. Therefore, whatever the initial condition may be, the particles in the captured cloud that have small pitch angle (and small magnetic moment t•) will be lost in a few seconds. Then the distribution of velocity points will no longer be uniform. It will have antipodal 'holes' on the surface of the 'velocity sphere,' around the axis It. In a steady state there will then be no electrons with small t•, unless there is a mechanism that continuously produces them.
In Because of the rapid gyration and the small cyclotron radius of electrons of high energy (see Table 1 ), the only place with a width similar to the radius of gyration of such electrons is a narrow strip close to the X-type neutral line. There the guiding-center approximation is not valid and the magnetic moment tz can change. The electrons that pass through this narrow strip during their oscillatory motions between the mirror points will temporarily lose their magnetic moment t•, because they do not gyrate, and small magnetic irregularities may produce a group of particles with different/• there. •or either diffuse or active auroras, if the neutral line stays at one place for more than a few minutes, most of the electrons that pass near it may find their way into the auroral ionosphere. It is interesting to note that even the so-called quiet arcs (we prefer to call them diffuse arcs) continuously change in brightness and always show some motion. Where the neutral line sweeps across the outer belt the number of high-energy electrons will be considerably reduced. This may be the cause of the depletion of the outer belt. In fact, the depletion seems to be greatest in the outer part of the V•. belt. During a magnetic storm the auroral arcs move to somewhat lower latitudes, and the DR field increases. The neutral line and the ring current then draw inward, toward the earth. After the DR field and the ring current begin to decay, the arcs quickly return poleward. Therefore, we may infer that during a magnetic storm there is an additional ring-current belt or storm-time belt Va, corresponding to the auroral zones. 7.32. The ring-current particles. The observations of the radiation belts by the counters carried by satellites re]ate as yet to protons of energy higher than about 30 Mev and electrons of energy higher than 30 kev. We have no indication of any enhancement of such highenergy particles during storms. However, as we have seen above, in order to produce the main phase of storms, particles in large numbers must be captured during a storm. We infer that the energy of the particles that mainly produce the ring current during the storm is below the cutoff of the instruments so far carried by satellites. Table I bears on this problem. Suppose that the capture of the particles occurs in a volume rather small compared with the dimensions of the radiation belts, e.g., in a volume comparable with that of the solid earth. The particles will soon encircle the earth (section 7.2). Then, the maximum Hzc should occur when the cloud of particles has completely encircled the earth and the ring is closed. This requires a time TR. In the September 13, 1957, storm, the whole time from the ssc to the maximum phase (minimum H) was about 9 hours. This may be taken as an upper limit for T•. The times of growth and decay of the several intermittent DP substorms that occurred during this interval suggest smaller values of TR, of the order of an hour or even less. As yet, we do not know how the pitch angles O• are distributed when the particles are captured. Table  I shows for 0• -sin -• 0.1 the order of magnitude of TR for electrons and protons of different energies. Clearly 80-kev electrons satisfy the above requirement for T•. If they make the main contribution to the ring current, they must be enhanced during the main phase. This, however, is not the case--rather the contrary (see Fig. 13 ). Electrons of less energy, 10 kev or below, cannot in this way contribute much to the ring current, because of their large T•.
The revolution time TR in
Therefore, protons with energy below the instrumental cutoff seem to be the particles more likely to produce the storm-time ring current. In Table 1 
8, CONCLUDING REMARKS
As was stated in section 5.21, the calculations of this paper, based on an undistorted dipole field, need to be extended to obtain a selfconsistent system. The distortion of the field by the DCF currents must also be taken into account as well as the fact that conditions are changing instead of steady as here considered. Further, the multiple structure of auroras indicates, in our view, a more complicated structure of the belt than we have assumed. Thus the
